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METHOD OF MANUFACTURING
GRAPHENE USING PHOTOREDUCTION

FEDERAL RESEARCH STATEMENT

[0001] This mnvention was made with Government support
under Contract No. DE-AC09-08SR224770, awarded by the

U.S. Department of Energy. The Government has certain
rights in the mvention.

BACKGROUND OF THE INVENTION

[0002] Graphene has attracted a lot of attention due to 1ts
clectronic and mechanical properties. As a result, eflorts
have been made to find easy, eflicient methods of preparing
graphene, especially 1n high yield. Conventionally, graphene
has been produced through a chemical vapor deposition
process. However, such processes require substantially high
temperatures, such as at least 1000° C. In addition, the yield
and production capabilities when using such processes are
limited. Furthermore, chemical vapor deposition processes
can require substantial resources and costs.

[0003] As a result, there 1s a need to provide an etlicient
and eflective method of manufacturing graphene, in particu-
lar at low temperatures.

SUMMARY OF THE INVENTION

[0004] Aspects and advantages of the invention will be set
forth 1 part in the following description, or may be apparent
from the description, or may be learned through practice of
the 1nvention.

[0005] In accordance with one embodiment of the present
invention, a method for manufacturing graphene 1s dis-
closed. The method comprises applying a graphene oxide to
a substrate and treating the graphene oxide on the substrate
using photoreduction to reduce and stitch the graphene oxide
to graphene.

[0006] In accordance with another embodiment of the
present invention, a graphene 1s disclosed. In particular the
graphene 1s manufactured by applying a graphene oxide to
a substrate and treating the graphene oxide on the substrate
using photoreduction to reduce and stitch the graphene oxide
to graphene

[0007] These and other features, aspects and advantages of
the present invention will become better understood with
reference to the following description and appended claims.
The accompanying drawings, which are incorporated 1n and
constitute a part of this specification, 1llustrate embodiments
of the mvention and, together with the description, serve to
explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] A full and enabling disclosure of the present inven-
tion, including the best mode thereof, directed to one of
ordinary skill in the art, 1s set forth in the specification,
which makes reference to the appended figures, 1n which:

[0009] FIG. 1 provides one embodiment of a method of
manufacturing graphene; and

[0010] FIG. 2 provides one embodiment of a method of
manufacturing graphene.
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DETAILED DESCRIPTION OF TH.
INVENTION

L1

[0011] Reference now will be made 1n detail to embodi-
ments of the mvention, one or more examples of which are
illustrated 1n the drawings. Each example 1s provided by way
ol explanation of the invention, not limitation of the inven-
tion. In fact, 1t will be apparent to those skilled 1n the art that
various modifications and variations can be made i the
present invention without departing from the scope or spirit
of the invention. For instance, features illustrated or
described as part of one embodiment can be used with
another embodiment to yield a still further embodiment.
Thus, 1t 1s intended that the present invention covers such
modifications and variations as come within the scope of the
appended claims and their equivalents.

[0012] Generally speaking, the present invention 1s
directed to a method of manufacturing graphene. The
method comprises applying a graphene oxide to a substrate
and treating the graphene oxide on the substrate using
photoreduction to reduce and stitch the graphene oxide to
graphene.

[0013] The present inventors have discovered that
employing the method, 1 particular such photoreduction,
can provide various advantages over other techniques, such
as chemical vapor deposition. In particular, the method
disclosed herein allows for scalability of the process 1n order
to increase yield and productivity because such method 1s
not dependent upon the size of a furnace, which 1s required
for chemical vapor deposition. In addition, such method also
allows for the production of high quality graphene, 1n
particular at low temperatures. Furthermore, such method
can allow for the production of graphene having a wide
variety of shapes and configurations to allow for application
for various surface coatings.

[0014] As used herein, graphene 1s one 1n which multiple
carbon atoms are covalently bonded to one another. For
instance, graphene is a single atomic layer of sp”-bonded
carbon atoms that are packed into a two-dimensional hon-
eycomb crystal lattice. The bonds allow for the formation of
a polycyclic aromatic molecule. The graphene forms a
monolayer having a sheet-like structure. In one embodiment,
the covalently bonded carbon atoms form a 6 circular ring as
a basic repeat unit. The present invention may also be
employed to provide graphene containing a single sheet or
graphene with a few layers.

[0015] In one embodiment, the graphene may have a
carbon to oxygen ratio of at least 5:1, such as at least 10:1,
such as at least 25:1, such as at least 50:1, such as at least
75:1, such as at least 100:1, such as at least 150:1, such as
at least 200:1, such as at least 250:1. The carbon to oxygen
ratio may be 500:1 or less, such as 230:1 or less, such as
175:1 or less, such as 125:1 or less, such as 100:1 or less,
such as 50:1 or less. In one embodiment, the graphene may
not contain any oxygen atoms. In one embodiment, the
graphene oxide, reduced graphene oxide, or both may have
the aforementioned carbon to oxygen ratio.

[0016] In one embodiment, the graphene may have a
carbon to hydrogen ratio of at least 3:1, such as at least 10:1,
such as at least 25:1, such as at least 50:1, such as at least
75:1, such as at least 100:1, such as at least 150:1, such as
at least 200:1, such as at least 250:1. The carbon to hydrogen
ratio may be 500:1 or less, such as 250:1 or less, such as
175:1 or less, such as 125:1 or less, such as 100:1 or less,
such as 50:1 or less. In one embodiment, the graphene may
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not contain any hydrogen atoms. In one embodiment, the
graphene oxide, reduced graphene oxide, or both may have
the aforementioned carbon to hydrogen ratio.

[0017] The graphene may include 50 atomic % or more of
carbon atoms, such as 70 atomic % or more of carbon atoms,
such as 80 atomic % or more of carbon atoms, such as 90
atomic % or more of carbon atoms, such as 95 atomic % or
more of carbon atoms, such as 98 atomic % or more of
carbon atoms, such as 99 atomic % or more of carbon atoms,
such as 100 atomic % of carbon atoms. The graphene may
include less than 100 atomic % of carbon atoms, such as 95
atomic % or less of carbon atoms, such as 90 atomic % or
less of carbon atoms. The graphene may include elements,
other than carbon and hydrogen (e.g., oxygen), in an amount
of 15 atomic % or less, such as 10 atomic % or less, such as
5 atomic % or less. The graphene may include elements,
other than carbon, 1n an amount of 30 atomic % or less, such
as 20 atomic % or less, such as 10 atomic % or less, such as
S atomic % or less.

[0018] The graphene oxide, reduced graphene oxide, or
both as disclosed herein may have an atomic oxygen con-
centration of 1% or more, such as 2% or more, such as 5%
or more, such as 10% or more, such as 20% or more, such
as 25% or more, such as 30% or more, such as 50% or more,
such as 60% or more, such as 70% or more. The graphene
oxide, reduced graphene oxide, or both as disclosed herein
may have an atomic oxygen concentration of 90% or less,
such as 80% or less, such as 60% or less, such as 50% or
less, such as 40% or less, such as 35% or less, such as 25%
or less, such as 20% or less.

[0019] The graphene oxide, reduced graphene oxide, or
both as disclosed herein may have an atomic oxygen con-
centration of 1% or more, such as 2% or more, such as 5%
or more, such as 10% or more, such as 20% or more, such
as 25% or more, such as 30% or more, such as 50% or more,
such as 60% or more, such as 70% or more. The graphene
oxide, reduced graphene oxide, or both as disclosed herein
may have an atomic oxygen concentration of 90% or less,
such as 80% or less, such as 60% or less, such as 50% or
less, such as 40% or less, such as 35% or less, such as 25%
or less, such as 20% or less.

[0020] Inaddition, in one embodiment, the graphene oxide
may be doped. That 1s, 1t may include another element aside
from carbon in the backbone of the structure. In particular,
a carbon atom in the graphene oxide may be substituted for
another atom. For instance, the graphene oxide may be
doped with a reactive nonmetal, a metalloid, a transition
metal, etc. In one embodiment, the dopant 1includes a reac-
tive nonmetal, such as nitrogen, selenium, or the like. In
another embodiment, the dopant includes a transition metal,
such as platinum, cobalt, indium, or the like. In a further
embodiment, the dopant includes a metalloid, such as boron
or the like. However, 1t should be understood that the
graphene oxide may also be doped with other atoms as
generally known in the art. By doping with other atoms, the
structure can be altered as the doping atoms have a different
valence structure than carbon.

[0021] In one embodiment, the graphene may include
continuous graphene layers or sheets. That 1s, 1n one
embodiment, the graphene may include continuous gra-
phene sheets containing carbon. In other words, the substrate
may not include any discrete graphene tlakes and/or discrete
graphene oxide flakes on the surface as such flakes may be
stitched to form the graphene. For mstance, when analyzing
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via FI-IR, as the conversion occurs from graphene oxide to
graphene, peaks associated with oxygen functional groups
and carboxyl functional groups should be sufliciently
reduced or entirely removed. Other various techniques, such
as x-ray diffraction and Raman spectroscopy may also be
utilized to determine the presence of a continuous layer.
These techniques can provide an indication of the reduction
process. In addition, the extent of stitching of flakes can also
be assessed by measuring the electrical conductivity using a
four point probe.

[0022] In addition, the continuous graphene sheets may
have at last one dimension that 1s at least 0.001 cm, such as
at least 0.01 cm, such as at least 0.1 cm, such as at least 0.25
cm, such as at least 0.5 cm, such as at least 0.75 cm, such
as at least 1 cm, such as at least 2 cm, such as at least 5 cm.
In this regard, the flakes (or otherwise referred to as micro-
platelets and/or nano-platelets) may be stitched to form the
continuous graphene sheets. Typically, such stitching can
result 1n an increase 1n at least 2, such as at least 3, such as
at least 4, such as at least 5, such as at least 10 orders of
magnitude from the original size of the flakes.

[0023] In addition, due to the stitching (e.g., edge stitch-
ing) of the graphene oxide, such as the graphene oxide
flakes, herein, 1n one embodiment, such stitching may not
result 1n any graphene grain boundaries 1n the final gra-
phene. Generally, such boundaries are present when the edge
directions of two graphene domains are mismatched. In this
regard, the method disclosed herein may provide a graphene
having an improved quality. Generally, when present, such
boundaries may be observed using UV exposure under
moisture ambient conditions as generally known 1n the art.
Without grain boundaries, the graphene may have potential
applications as a permeation barrier. However, i one
embodiment, with the presence of a grain boundary, the
graphene may have a potential application as a separation
membrane as the defect may allow certain analytes to pass

through.

[0024] The graphene disclosed herein 1s manufactured
using a graphene oxide. As used herein, the graphene oxide
may also refer to a reduced graphene oxide. The graphene
oxide, such as the reduced graphene oxide, can be commer-
cially obtained or produced using methods generally known
in the art, such as the conventional Hummer method. In
general, graphene oxide may be converted to reduced gra-
phene oxide using any method generally known in the art.
For instance, such conversion may be upon exposure to
radiation, such as that having a peak wavelength of less than
400 nm. Nevertheless, the conversion from graphene oxide
to reduced graphene oxide may be at least 40%, such as at
least 50%, such as at least 60%, such as at least 70%, such
as at least 80% as determined using various techniques
known 1n the art. For instance, various spectroscopy tech-
niques, such as XPS and inirared, can allow for the deter-
mination of the loss of oxygen containing functional groups
that can correlate to the reduction process.

[0025] In general, the substrate refers to a support struc-
ture for the graphene. The substrate may be a flexible
substrate. The substrate may be a plastic substrate or a metal
substrate. For instance, the plastic substrate may be a
thermoplastic polymer, a thermoset polymer, or a mixture
thereol. In particular, the plastic substrate may be a rubber.

[0026] In addition, 1n one embodiment, the metal substrate
may also be catalyst support. For instance, the metal sub-
strate may be employed to catalyze the reduction reactions
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for the conversion of the graphene oxide to graphene and the
stitching of the graphene oxide flakes for the formation of
the graphene.

[0027] Examples of such metal substrates include, but are
not limited to, nickel, copper, staimnless steel, 1ron, gold,
aluminum, silver, platinum, an alloy thereof, etc. In one
embodiment, the metal substrate includes nickel. In another
embodiment, the metal substrate includes copper. In another
embodiment, the metal substrate includes stainless steel.
However, it should be understood that various types of metal
substrates may be used in accordance with the present
imnvention.

[0028] The substrate may be 1n any general form. For
instance, the substrate may be relatively thin. In this regard,
the substrate may be provided as a thin film or foil. However,
it should be understood that such form 1s not necessarily
limited to such a foil. The substrate may have a thickness of
10 nm or more, such as 20 nm or more, such as 30 nm or
more, such as 50 nm or more to 500 nm or less, such as 400
nm or less, such as 300 nm or less, such as 200 nm or less,
such as 100 nm or less. However, the substrate may even
have a greater thickness, for instance greater than 500 nm.
For instance, the substrate may have a thickness of a micron
dimension, such as 1 um or more.

[0029] In addition, the substrate may have any geometry.
For instance, the substrate may be planar, curvilinear, or
include a combination thereof. In one embodiment, the
metal substrate may be planar. In another embodiment, the
substrate may be curvilinear.

[0030] When applied (or deposited) to the substrate, the
graphene oxide can be provided using various means known
in the art. For instance, the graphene oxide may be applied
as a dispersion or via electrodeposition. Additionally, alter-
native methods of coating may also be employed to apply
the graphene oxide. In one embodiment, the graphene oxide
1s provided 1n the form of a dispersion. For instance, the
graphene oxide may be provided in a solid phase in the
dispersion and when applied to the substrate.

[0031] The dispersion medium may be a solvent. In one
embodiment, the solvent may be an organic solvent. In one
embodiment, the solvent may be a polar solvent. For
instance, the polar solvent may be acetone, acetonitrile,
tetrahydrofuran, an alcohol (e.g., n-butanol, 1sopropyl alco-
hol, n-propanol, ethanol, methanol, etc.), acetic acid, water,
and the like. In one particular embodiment, the solvent may
be water. The water may be an acidified water having a pH
of less than 7, such as 6 or less, such as 5 or less. The solvent
may be one that can be easily removed at the appropriate
time upon formation of the graphene. For instance, the
solvent may be removed via evaporation or air drying,
vacuum drying, and/or heating. Also, the removal can be
prior to the photoreduction, after the photoreduction, and/or
during the photoreduction.

[0032] The graphene oxide may be provided in the dis-
persion 1n any desired concentration to provide the desired
thickness. The concentration may be 0.1 mg/mlL or more,
such as 0.2 mg/mL or more, such as 0.25 mg/mL or more,
such as 0.5 mg/mL or more, such as 0.75 mg/mL or more,
such as 1 mg/mL or more, such as 2 mg/ml or more, such
as 3 mg/mL or more to 10 mg/mL or less, such as 5 mg/mlL
or less, such as 4.5 mg/mL or less, such as 4 mg/mlL or less,
such as 3 mg/mL or less, such as 2 mg/mL or less.
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[0033] The method employed herein can provide a gra-
phene having a desired thickness. Such thickness 1s not
necessarily limited and can be tailored via various means.
For instance, the desired thickness can be achieved by
changing the concentration of the graphene oxide in the
solution or by repeated coatings. Nevertheless, the thickness
of the graphene can be 1 layer, such as 2 layers or more, such
as 3 layers or more, such as 4 layers or more, such as 5 layers
or more to 20 layers or less, such as 15 layers or less, such
as 12 layers or less, such as 10 layers or less, such as 8 layers
or less, such as 5 layers or less, such as 4 layers or less, such
as 3 layers or less. In this regard, the graphene may be
distinguished from graphaite.

[0034] In addition, the graphene may have a substantially
uniform thickness. The graphene may have a thickness of 5
nm or more, such as 7 nm or more, such as 10 nm or more,
such as 20 nm or more, such as 30 nm or more, such as 50
nm or more to 500 nm or less, such as 400 nm or less, such
as 300 nm or less, such as 200 nm or less, such as 100 nm
or less. However, the graphene may even have a greater
thickness, for instance greater than 500 nm. For instance, the
graphene may have a thickness of a micron dimension, such
as 1 um or more.

[0035] The suspension can be applied to the substrate
using any method known 1n the art. For instance, application
can be via spray deposition (e.g., acrosol spraying, sputter-
ing), drop casting, rod coating, and the like. It should be
understood that application 1s not necessarily limited to such
application methods and other methods may also be
employed.

[0036] FIG. 1 provides one embodiment of a method of
forming graphene as disclosed herein. The substrate 10 is
provided. Then, 1n step (a), the graphene oxide 20 1s applied
to the substrate 10. As indicated herein, the graphene oxide
may also be reduced graphene oxide. In this regard, such
application or deposition results in thin layers of uncon-
nected and disordered graphene oxide flakes 20 on the
substrate 10. In step (b), photoreduction as disclosed herein
1s performed to reduce the graphene oxide to begin forming
the graphene 30 by stitching. Such reduction may allow for
some of the unconnected and disordered graphene oxide
flakes 20 to start to connect and become more ordered as the
graphene oxide flakes 30. Thereafter, 1n step (c), edge
stitching occurs through continued treatment via photore-
duction to provide the graphene 40.

[0037] Similarly, FIG. 2 provides another embodiment of
a method of forming graphene wherein photoreduction
provides a continuous reduced graphene sheet. Like FIG. 1,
FIG. 2 illustrates an embodiment wherein the graphene
oxide flakes on the substrate are subjected to photoreduction
in order to edge stitch and form a continuous, reduced
graphene sheet. In addition, FIG. 2 illustrates various chemi-
cal functionalities as well as multiple graphene layers.

[0038] As disclosed herein, the presently disclosed
method employs photoreduction for reducing and stitching
the graphene oxide to graphene. As generally known in the
art, photoreduction is a reduction reaction that 1s induced by

light.

[0039] The light source for the photoreduction may be any
generally known 1n the art for allowing for the reduction
reaction to occur. For instance, such light may be natural
light. In another embodiment, such light may be light from
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a Xe bulb. In another embodiment, such light may be light
from a UV bulb. In this regard, it should be understood that
the source of the light 1s not necessarily limited. For
instance, any light may be employed so long as such light
has a UV light component. That 1s, the light source can
provide light having a wavelength of from 10 nm to 400 nm,
such as from 100 nm to 300 nm, such as from 150 nm to 250
nm. In addition, generally, higher energy wavelength may
provide for a more rapid photoreduction.

[0040] The light may be applied to the entire substrate for
conversion 1n a single exposure. Alternatively, the light may
be applied 1n successive portions such that conversion
occurs to different sections upon each respective exposure.

[0041] The time of exposure may be tailored to allow for
suflicient reduction. Such time may be 0.5 hours or more,
such as 1 hour or more, such as 1.5 hours or more, such as
2 hours or more, such as 3 hours or more, such as 4 hours
or more to 6 hours or less, such as 5 hours or less, such as
4 hours or less, such as 3 hours or less. For instance, the time
of exposure may be from 0.5 hours to 6 hours, such as from
1 hour to 5 hours, such as from 2 hours to 4 hours.

[0042] In addition, such photoreduction process may
allow for reduction or conversion of the graphene oxide to
graphene at relatively low temperatures. For instance, such
temperature may be 175° C. or less, such as 150° C. or less,
such as 140° C. or less, such as 130° C. or less, such as 120°
C. or less, such as 110° C. or less, such as 105° C. or less,
such as 100° C. or less, such as 90° C. or less, such as 80°
C. or less, such as 70° C. or less, such as 60° C. or less, such
as 50° C. or less, such as 40° C. or less, such as 30° C. or
less, such as 25° C. or less. The temperature may be about
5° C. or more, such as 10° C. or more, such as 15° C. or
more, such as 20° C. or more, such as 30° C. or more, such
as 40° C. or more, such as 50° C. or more, such as 60° C.
or more, such as 70° C. or more, such as 75° C. or more,
such as 80° C. or more, such as 90° C. or more, such as 95°
C. or more. For mstance, such temperature may be from 25°
C.to 175° C., such as from 25° C. to 150° C., such as from
25° C. to 100° C. In one embodiment, the temperature may
be at ambient temperature.

[0043] In one embodiment, heat via an external source
may also be applied during the treating step. In another
embodiment, heat via an external source may not be applied
during the treating step. If heating 1s applied, the time of
heating may be may be 0.5 hours or more, such as 1 hour or
more, such as 2 hours or more, such as 3 hours or more, such
as 5 hours or more, such as 7 hours or more, such as 10 hours
or more to 15 hours or less, such as 13 hours or less, such
as 12 hours or less, such as 10 hours or less, such as 8 hours
or less, such as 5 hours or more to 4 hours or less, such as
3 hours or less, such as 2 hours or less. For instance, such
heating may be from 1 to 12 hours.

[0044] In addition, the treatment of the graphene oxide for
conversion to graphene may be performed at any pressure
that allows for such conversion. In one embodiment, such
pressure may be ambient pressure. For instance, the pressure
may be 10 bar or less, such as 8 bar or less, such as 5 bar or
less, such as 3 bar or less, such as 2 bar or less, such as 1 bar
or less. The pressure may be greater than O bar, such as 0.5
bar or more, such as 0.9 bar or more.

[0045] Furthermore, the method disclosed herein may not
require an inert atmosphere. That 1s, the method disclosed
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herein may be performed while exposed to air, such as
ambient air.

[0046] As disclosed herein, the presently disclosed
method employs photoreduction, which 1s a low temperature
process. As a result, such method 1s distinguishable from a
chemical vapor deposition which requires substantially high
temperatures. In this regard, the method disclosed herein
does not form graphene using a vapor deposition approach.
For instance, the graphene 1s not synthesized by exposing
the substrate to a volatile precursor that reacts and/or decom-
poses on a surface of the substrate to produce the desired
deposit. In particular, the treatment for the conversion of the
graphene oxide to graphene does not employ a vapor (e.g.,
a carbon containing gas) for deposition. In another embodi-
ment, the treatment may not employ a low-frequency elec-
tromagnetic wave, 1n particular one produced from a micro-
wave device. In another embodiment, the treatment may not
employ an electric field, such as required by electrophoresis.
In another embodiment, the treatment may not employ
clectric energy, such as an electric potential.

[0047] Adter conversion of the graphene oxide to gra-
phene, such graphene can be used directly as manufactured
on the substrate. Alternatively, the graphene can be removed
from the substrate and used thereafter. In addition, such
graphene can be removed from the substrate and transferred
to a new substrate.

[0048] The graphene manufactured according to the
method disclosed herein can have many different applica-
tions due to its excellent mechanical properties and stable
chemical properties. For instance, such graphene can be
used 1n permeation coatings and in the lubricant industries
because of 1ts temperature tolerance and anticorrosion prop-
erties. For at least this reason, the graphene can be employed
in the o1l and gas, automotive, and construction industries.
Additionally, such graphene can be employed 1n the con-
sumer electronics and semiconductor industries with appli-
cations 1n touch screens, transistors, flexible displayers,
organic light emitting diodes, etc. The graphene may have
applications in separation membranes for both gases and
liquids and could potentially give high selectivity with high
throughput. Examples of such applications could be for the
distillation of ethanol from an ethanol/water mixture and as
a Tuel cell membrane 1n hydrogen fuel cells. Similarly, the
graphene may be utilized as a corrosion or permeation
barrier. Also, the graphene may have applications 1n cataly-
s1s substrates, 1n particular for polymer formation, with the
potential to provide an improvement in the quality and
tenability of the resultant polymer from the reaction. The
graphene may also have utility in batteries and 1n particular
as a battery anode.

[0049] In one embodiment, the graphene may serve as a
passivation coating. For instance, such coatings may be
employed to prevent the isotope change of protium and
trittum 1n processing components.

[0050] This wnitten description uses examples to disclose
the mvention, including the best mode, and also to enable
any person skilled in the art to practice the invention,
including making and using any devices or systems and
performing any incorporated methods. The patentable scope
of the mvention 1s defined by the claims, and may include
other examples that occur to those skilled 1n the art. Such
other examples are intended to be within the scope of the
claims 11 they include structural elements that do not differ
from the literal language of the claims, or if they include




US 2020/0010324 Al

equivalent structural elements with insubstantial differences
from the literal languages of the claims.

1. A method for preparing graphene, the method compris-
ng:

applying a graphene oxide to a substrate, and

treating the graphene oxide on the substrate using pho-

toreduction to reduce and stitch the graphene oxide to
graphene.

2. The method according to claim 1, wherein a source for
the photoreduction 1s a UV light source.

3. The method according to claim 1, wherein a source for
the photoreduction 1s an Xe bulb.

4. The method according to claim 1, wherein the treating
step 1s performed at a temperature of 175° C. or less

5. The method according to claim 1, wherein the treating
step 1s conducted at a temperature of 40° C. or less.

6. The method according to claim 1, wherein the treating
step 1s conducted at ambient pressure.

7. The method according to claim 1, wherein the treating
step 1s conducted 1n the presence of air.

8. The method according to claim 1, wherein the substrate
comprises a metal substrate.

9. The method according to claim 8, wherein the metal
substrate comprises Copper.

10. The method according to claim 8, wherein the metal
substrate comprises nickel.
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11. The method according to claim 8, wherein the metal
substrate comprises stainless steel.

12. The method according to claim 8, wherein the metal
substrate comprises 1ron, gold, aluminum, silver, platinum,
an alloy thereot, etc.

13. The method according to claim 1, wherein the gra-
phene oxide 1s applied as a dispersion including water.

14. The method according to claim 1, wherein the gra-
phene oxide 1s a reduced graphene oxide.

15. The method according to claim 1, wherein the gra-
phene oxide includes a dopant comprising a reactive non-
metal, a metalloid, or a transition metal.

16. The method according to claim 1, wherein the method
turther comprises a step of converting the graphene oxide to
reduced graphene oxide.

17. The method according to claim 1, wherein the gra-
phene 1s a continuous graphene.

18. The method according to claim 1, wherein the gra-
phene includes at least 80 atomic % of carbon.

19. The method according to claim 1, wherein the gra-
phene mncludes 15 atomic % or less of oxygen.

20. A graphene produced according to the method of
claim 1.
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